Ligninolytic enzymes play a key role in degradation and detoxification of lignocellulosic waste in environment. The major ligninolytic enzymes are laccase, lignin peroxidase, manganese peroxidase, and versatile peroxidase. The activities of these enzymes are enhanced by various mediators as well as some other enzymes (feruloyl esterase, aryl-alcohol oxidase, quinone reductases, lipases, catechol 2, 3-dioxygenase) to facilitate the process for degradation and detoxification of lignocellulosic waste in environment. The structurally laccase is isoenzymes with monomeric or dimeric and glycosylation levels (10-45%). This contains four copper ions of three different types. The enzyme catalyzes the overall reaction: 4 benzenediol þ O 2 to 4 benzosemiquinone þ 2H 2 O. While, lignin peroxidase is a glycoprotein molecular mass of 38-46 kDa containing one mole of iron protoporphyrin IX per one mol of protein, catalyzes the H 2 O 2 dependent oxidative depolymerization of lignin. The manganese peroxidase is a glycosylated heme protein with molecular mass of 40-50kDa. It depolymerizes the lignin molecule in the presence of manganese ion. The versatile peroxidase has broad range substrate sharing typical features of the manganese and lignin peroxidase families. Although ligninolytic enzymes have broad range of industrial application specially the degradation and detoxification of lignocellulosic waste discharged from various industrial activities, its large scale application is still limited due to lack of limited production. Further, the extremophilic properties of ligninolytic enzymes indicated their broad prospects in varied environmental conditions. Therefore it needs more extensive research for understanding its structure and mechanisms for broad range commercial applications.
Introduction
Lignocellulosic waste is considered as a chief component of renewable biomass on the Earth (Saini et al., 2015) . This consists of three major components such as cellulose (40%-50%), hemicelluloses (25%-30%) and lignin (15%-20%) (Chaurasia, 2019) . Cellulose is the primary polysaccharide as constituent of lignocellulosic materials that consist of hundred to over ten thousands β-1, 4 linked D-glucose units in unbranched linear chains. This is known as microfibrils with 3-5nm wide and many micrometers in length (Horn et al., 2012) . Each cellulose chain-linked side by side through hydrogen bonding and van der waals interactions into microfibrils arrangement which are reported to consist 24 to 36 chains based on x-ray scattering data and the information available regarding the cellulose synthesis (Anwesha et al., 2011; Horn et al., 2012) . Each cellulose microfibrils is synthesized from the spontaneous bundling and crystallization with dozens of the linked β-D glucan chains, each of which is made by a cellulose synthase (CESA) protein (Cosgrove, 2005) . While hemicellulose is arranged in forms of strips tightly linked with cellulose and lignin in plant cell walls, it contains branched polysaccharide mainly xylans and mannans. It contains branched heterogenous polysaccharides of pentose (xylose and arabinose), hexoses (glucose, mannose, and galactose) and sugar acids (e.g. acetic, galacturonic and glucuronic) (Dimarogona et al., 2012) . There is the presence of five monomeric sugars namely D-glucose, D-mannose, D-galactose, D-xylose and L-arabinose linked by β-1, 4-glycosidic bonds, that consist of both liners and branched heteropolymers. The major hemicelluloses in hardwoods are xylans (15%-30% dry weight), a polysaccharide having β-1,4 linked D-xylose units, which can be substituted with other monosaccharide units. However, softwood contains hemicelluloses mainly in the form of glactoglucomannan (15%-20% dry weight), a polysaccharide having β,1-4 linked D-glucose, and D-galactose units (Bugg et al., 2011) .
Similarly, lignin is the most abundant and complex biopolymer in nature because of its low biodegradability, due to complex chemical bonding between its monomers resulted into recalcitrant compound of lignocellulosic materials (Wong, 2009) . This is composed of phenylpropane units, which is synthesized by radical polymerization of guaiacyl units (G), syringyl units (S) and p-hydroxyphenyl units (H) from precursor coniferyl, sinapyl and p-coumaryl alcohol as shown Figure 1 (Horn et al., 2012) . Lignin consists of high molecular weight aromatic polymer, containing numerous biologically stable ether or ester linkages. Thus cellulose microfibrils are embedded in a complex matrix involving hemicellulose and lignin that hamper the way to cellulases and hemicellulases (Dimarogona et al., 2012) . Due to its complexity, the degradation of lignocellulosic waste is a great challenge for sustainable development. The generation of lignocellulosic waste from various agro-based industries indicated the magnitude of problems including pulp and paper mill (effluent 150-200m 3 /ton and solid 160-450kg/ton), sugarcane molasses-based distilleries (effluent 15lit/1 lit alcohol production and 7.5 million tons/year), agricultural waste (200 billion tons/year), and food industry (1.3 billion ton/year) Gavrilescu, 2008; Kharayat, 2010; Kadam et al., 2013; Taha et al., 2016; Ravindran and Jaiswal, 2015) . Due to their slow degradability and binding properties with other cationic molecules, they form complex compounds as environmental pollutants (Chandra et al., 2012; Dashtban et al., 2010) . Therefore the lignocellulosic waste containing industrial waste is major source of environmental pollution (Sadh et al., 2018) . The detail aquatic toxicity caused by pulp paper mill effluent has been also reported recently (Singh and Chandra, 2019) . Besides, the adverse effects of lignocellulose containing wastewater have been reported for the reproductive system in fish i.e.masculinization, lower sex hormone, lower female vitellogenin, reduced gonad size, delayed maturity, circulation of sex hormones, fecundity, and modifications in secondary sexual characteristics to aquatic life (Chiang et al., 2015) .
In nature, efficient lignocellulosic waste degradation during process of wood decay becomes interesting due to characterization of potential fungi and bacteria that are reported by various researchers (Janusz et al., 2017) . These lignocellulytic fungi and bacteria have own capabilities to produce several ligninolytic enzymes for the degradation of lignocellulosic waste (Sanchez, 2009Renugadevi et al., 2011 . The degradation of cellulose and hemicellulose are complex in nature as it involves various enzymatic pathways and some of them also present in the form of insoluble crystalline fibers (Aarti et al., 2015) . Degradation of crystalline cellulose is an enzymatic process including β-glucosidases, cellobiohydrolases, and β1-4-glucanases (Aarti et al., 2015) . The degradation of cellulose and hemicellulose by various aerobic and anaerobic microorganisms has been reported with the production of carbon dioxide and glucose (Dimarogona et al., 2012) . But the degradation of hemicelluloses requires different enzymes system (acetyl xylan, esterases, α-glucuronidases, β-D-xylosidases, and Endo-1,4-β-xylanases) (Vazquez et al., 2007) . In general lignin-degrading enzymes have been divided into two major groups i.e. lignin-degrading auxiliary enzymes and lignin modifying enzymes. Lignin degrading auxiliary enzymes are unable to degrade lignin on their own functions which need additional enzyme involvement for complete degradation (Janusz et al., 2017) . Lignin degrading auxiliary enzymes enables the process of lignin degradation through the sequential action of several proteins that may include oxidative H 2 O 2 (Janusz et al., 2017) . This group includes cellobiose dehydrogenase, aryl alcohol oxidases, glyoxal oxidase, glucose oxidase, and pyranose 2-oxidase (Janusz et al., 2017) . Which the lignin modifying enzymes produced by various microorganisms that are grouped as laccase and heme-containing peroxidase i.e. lignin (LiP), manganese (MnP), versatile peroxidase (VP) and feruloyl esterase (Wong, 2009; Ozer et al., Figure 1 . Composition of lignocellulosic waste and structure of primary monomer cellulose, hemicelluloses and lignin structure and primary monomers: the most frequent bonds are indicated. 2019). These lignin modifying enzymes also collectively called ligninolytic enzymes. These enzymes have gained great attention towards biological agents for the degradation of lignocellulosic waste containing compounds and other organic pollutants. It is also reported that the ligninolytic enzymes are effective in the treatment of industrial waste and other xenobiotic compounds through the biodegradation and decolorization process (Shi et al., 2013) .
Several researchers have been reported numerous fungal sp. (Termetes versicolor, Pleurotous ostreatous, and Phanerochaete chrysosporium) for the degradation of lignocellulosic waste (Marquez et al., 2007) . Three potential bacterial strains of Panibacillus sp., Aneurinibacillus aneurinilyticus, and Bacillus sp. were also found the potential for degradation and decolorization of synthetic lignin isolated from pulp paper mill sludge and characterized their metabolic products also by GC-MS (Chandra et al., 2012) . Moreover, several other researchers have also reported that the Paenibacillus sp., Bacillus sp., and Streptomyces sp. were reported to be involved in lignin degradation process (Woo et al. (2014) ; Niladevi and Prema, 2005) . Interestingly, microbes are well recorded in their capacity to degrade aromatic compounds such as lignin building blocks (Fuchs et al., 2011) . Though the prevalence of ligninolytic enzyme has been reported in fungus, but due to their growth limitations restricted large scale application. In contrast the bacterial open an ample opportunity for the industrial application due to the versatile nature for their nutrients and environmental adaptions. Recently functions of ligninolytic enzymes in extremophilic environment also have been reported, in which conventional proteins are completely denatured (Chandra et al., 2017) . The extremophilic activity of these enzymes is regulated due to presence of specific genes, various ion pairs, hydrophobic interaction, salt bridge, disulfide bridge and hydrogen bond between amino acids to maintain their stability for the catalytic function which indicated its broad range industrial application in diverse environment (Pace et al., 2014) . But the complete information regarding ligninolytic enzyme properties, their mechanism of action and their purification process are fragmentary, which restricts its commercial application. Therefore it needs more extensive research for understanding its production and broad range industrial application. Hence, this review has been focused on the ligninolytic enzymes structure, reaction mechanisms, and prospect of their application for sustainable development.
Lignocellulosic waste degrading microorganisms
Numerous microorganisms such as bacteria, fungi, actinomycetes, and cyanobacteria have been reported which are capable to degrade lignocellulosic waste and other wood containing fibers Chandra, 2015. There is a growing concern among researchers to isolate bacteria and fungi directly from lignocellulosic waste contaminated sites due to acclimatized microbial genome pool with degrading enzyme-producing capabilities. The bacterial community of lignin degraders described till date comes under three classes such as actinomycetes, α--proteobacteria and γ-proteobacteria (Bugg et al., 2011) . Study carried out by several researchers, they evaluated that the bacterial strain such as Bacillus sp., Pseudomonas sp., Citrobacter sp., Klebsiella pneumonia, Serratia marcescens produced an extracellular peroxidases for the degradation of lignin (Anwar et al., 2014; Chandra et al., 2012; Mathews et al., 2014; Raj et al., 2007a, b; Singh et al., 2009; Shi et al., 2013a; Yadav et al., 2014) . In environment, lignin is probably hydrolyzed by the group of microorganisms shown in Table 1 . The studies on bacterial enzymology for the degradation of lignocellulosic waste are fewer than those of fungi due to wood degrading bacteria that can tolerate a wide range of abiotic factors than fungi. Fungi are widespread in nature; especially include genera of ascomycetes and basidiomycetes phyla. More than 14,000 of fungal species expressing ligninolytic enzymes (laccase, LiP, MnP) in the environment (Dashtban et al., 2010) . Most fungal species producing several synergistically active lingninolytic enzymes into the environment considerably contributing to the reduction of lignocellulosic waste (Howard et al., 2003) . For instance, the most common fungal strains Trametes versicolor, Ganoderma lucidum, T. reesei, A. niger, P. chrysosporium, Penicillium brefeldianum, Trichoderma longibrachiatum, Aspergillus nidulans are more efficient towards cellulose, hemicellulose, and lignin degradation in a selective manner for the process of wood decay (Kersten and Cullen, 2007Arora and Sharma, 2009; Dashtban et al., 2010) . A wide range of lignocellulosic waste is produced all over the world, including whole plants, plant parts (e.g. seeds, roots, and stems) and processing by-products of several industrial wastes (pulp paper, distillery, timber, and food). Paper mill effluent can induce chronic toxic effects and endocrine disruption caused by largely unknown compounds that are released into the environment (Yadav and Chandra, 2018) . Due to the high chemical diversity of the organic pollutants and solvents are present in pulp and paper mill effluent, different toxic effects on crops and aquatic communities have been observed in recipient watercourses (Kumar and Chopra, 2014; Yadav and Chandra, 2018) . Therefore, the effluent discharged from various industries after secondary treatment does not meet the requirement for the environmental safety guidelines. There is a need to search the more potential organisms and reveals the mechanisms of its degradation process along with their inhibitory compounds.
Molecular structure and mechanisms of ligninolytic enzymes
The most common lignocellulosic waste degrading enzymes are Laccase (EC 1.10.3.2), Lignin peroxidase (EC 1.11.1.14), Manganese peroxidase (EC 1.11.1.13) and Versatile peroxidase (EC 1.11.1.16). Recently, researches have been revealed the indirect role of several other enzymes such as feruloyl esterase (EC 3.1.1.73), aryl-alcohol oxidase (EC 1.1.3.7), quinone reductases (EC 1.6.5.5), lipases (EC 3.1.1.3), xylanase (EC 3.2.1.8) and catechol 2, 3-dioxygenase (EC 1.13.11.2) which facilitate the ligninolytic enzyme process for degradation of environmental pollutants (Ozer et al., 2019; Pothiraj et al., 2006; Guillen et al., 1997) . Hydroxycinnamic acid, which is replaced by feruloyl esterase during lignin degradation, acts as a mediator for laccase enzyme (Ozer et al., 2019) . Aryl-alcohol oxidase and quinone reductases are involved in lignin degradation by various bacteria and fungi (Pothiraj et al., 2006) . It was proposed to act on the reduction of quinones, which can use by ligninolytic enzymes or in support of a peroxidase reaction (Guillen et al., 1997) . Similarly, lipase enzymes can be used as first-rate biocatalysts for in-situ peracid formation in nonaqueous media, preliminary from carboxylic acids with diluted hydrogen peroxidase. Moreover, immobilized lipase was effectively used in a per acid-mediated lignocellulosic delignification method in a non-aqueous solvent: dimethyl carbonate was used for lipase-mediated oxidation both as a solvent and as an acyl-donor reagent (Wiermans et al., 2013; Pothiraj et al., 2006) . Xylanase and catechol 2, 3-dioxygenase enzyme did not release significant amounts of lignin; however, the enzyme facilitated the extraction of the lignin fraction because breaking down monocyclic aromatic linking between xylan and lignin (Varnai et al., 2011; Eltis and Bolin, 1996) . The ligninolytic enzymes are found in different molecular weights on the basis of amino acid sequence and co-factor composition.
Laccase: structure and properties
Laccase (EC 1.10.3.2) is copper-containing extracellular enzyme that consists of monomeric, dimeric and tetrameric glycoproteins. This is predominantly present in microorganisms i.e. bacteria, fungi, and actinomycetes (Janusz et al., 2017) . Several workers have been reported different isoenzymes having average molecular weight of 50-300 kD (Chandra and Chowdhary, 2015) . Molecular characterization of laccase enzyme contains approximately 500 amino acid residues, consecutive three domains, with a greek key β barrel topology that is circulated in a single molecule (Matera et al., 2008) . The first domain contains initial 150 amino acids, second domain possesses between the 150 and 300 residues and the third domain contains 300 to 500 amino acids (Chandra and Chowdhary, 2015) . The structure is stabilized generally into two disulfide bridges bond localized between domains I to II and domains I to III are also present (Matera et al., 2008; Ferraroni et al., 2007; Bertrand et al., 2002) . While some laccase is also present in three disulfide bridges bond. Melanocarpus albomyces has disulfide bridges inside domain I, another between domain I and domain III, and the last one between domain II and III (Hakulinen et al., 2002) . Laccase has three types of copper atoms present in variations linked with coordinate with each other's and maintain the active site of the amino acids. The first domain (T1 Cu) is also called substrate reducing site shows a diverse triangular planar coordination similarly to other multicopper oxidases (Dwivedi et al., 2011) . They displayed active site contains a sequence of the amino acid such as one cysteine (Cys) and two histidines (His) as equatorial ligands. In contrast, other multicopper oxidases enzyme contains an additional axial ligand with methionine (Matera et al., 2008; Ferraroni et al., 2007; Bertrand et al., 2002; Hakulinen et al., 2002) . In another way, T2 Cu exhibits coordination with two His amino acid and a water molecule. While, in T3 Cu, the two Cu molecules with six His are present in two groups of three active sites to share oxygen molecule that reduced into a water molecule and split out (Matera et al., 2008; Ferraroni et al., 2007; Bertrand et al., 2002) (Figure 2 ). Laccase is considered to be an ideal "green catalysts" because of its oxidizing property is a vast variety of compounds using O 2 and liberating H 2 O as the only by-product (Alcalde et al., 2006 (Alcalde et al., , 2007 Giardina et al., 2010) . In Table 2 , the detail of bacterial species strain/laccase-like protein and their functions are mentioned.
Natural mediators and synthetic mediators
The low redox potential of laccase hinders them from directly taking part in catalysis of the complex compounds. Due to the uses of several natural and synthetic mediators should be possessing properties to cyclic bring efficient, low-cost, non-toxic, stable, oxidizing and reducing forms that enzyme reaction should not be inhibited (Morozova et al., 2007Call and Mucke, 1997Chandra, 2015 . However, the redox mediators should be able to constantly control and conserve the cyclic redox process of conversion. A mediator is a small chemical compound that is continuously oxidized by the enzyme and then reduced by the substrate. As the compound especially lignocellulose complex, enzyme active site cannot penetrate, due to low affinity of enzyme. Due to this enzyme cannot directly oxidized substrate, for uses several mediators of the oxidizing substrate (Li et al., 1999; Christopher et al., 2014) . However, A. Kumar, R. Chandra Heliyon 6 (2020) e03170 mediators for laccase induction are a component of lignin and it can be removed by several enzymes i.e. feruloyl esterase. This enzyme acts as a mediator and also helps in dissolving lignin polysaccharide complexes (Ozer et al., 2019) . The laccase enzyme activities are decreased with increasing the substrate size, this substrate accessibility is overcome through use of suitable laccase mediators. In the first step of the reaction, mediators are oxidized for unstable intermediates within high redox potential through laccase and followed controlled reaction kinetics. The oxidized mediator diffuses away from the enzyme active site, and its small size is able to penetrate into the pores of the plant cell walls to reach the target substrate. On the other hand, the vast range of substrate oxidized through laccase and it can be further accelerated by a mediator. In some cases, mediator is very reactive unstable cationic radicals which can oxidize more complex substrate before returning into their original state. Some ideal mediators like TEMPO (2,2,6,6-tetramethyl-1-piperidinyloxy) and its analogs favor the ionic way and mediators such as HBT (1-hydroxybenztriazole) and ABTS [2, 2 0 -azinobis-(3-ethylbenzothiazoline-6-sulphonic acid)] react via radical paths (Wells and Teria, 2006; Fabbrini et al., 2002) shown in Figure 3 . Enzyme inhibitors are small, low molecular weight molecule that binds to an enzyme and inhibiting activity by blocking the active site. However, decreasing the enzyme's activity can kill a pathogen or correct a difference in metabolic functions (Fabbrini et al., 2002) . Several drugs may also consider as enzyme inhibitors. Some most common inhibitors are vanillin, catechol, 4-methyl catechol, vanillic acid, 4-Hydroxybenzaldehyde, 4-Hydroxybenzoic acid, syringic acid, ferulic acid, 2-furaldehyde, formic and acetic acid.
Oxidation mechanism of laccase: direct and in-direct
Laccase catalyzed reactions by two types: one is direct and second is indirect substrate oxidation. The direct oxidation contains the oxidation of substrate to the similar radical as a result of direct contact that occurs with copper cluster (Matera et al., 2008) shown as Figure 4 . In some reactions, direct oxidation is not possible because T1 copper ion contains low redox potential (Morozova et al., 2007) . However, in some cases limitation of enzyme does not directly catalyze the substrate and proceeded by using several mediators which, two-step process: the first enzyme catalyzes the mediator and then mediator oxidized the substrate known as indirect substrate oxidation process shown in Figure 4 . In order to occurrence of reaction without any barrier, certain characteristics should be shown by mediators. These include a good substrate for laccase both in its oxidizing and reducing forms, do not inhibit the enzymatic reaction, and conversion must be cyclic in nature (Johannes and Majcherczyk, 2000; Komal et al., 2018) .
Catalytic mechanisms of laccase
Laccase enzyme broadly divided into three categories based on its functions: (1) ring cleavage of organic compounds, (2) degradation of biopolymers and (3) cross-linking structure of monomers (Kawai et al., 1988; Dwivedi et al., 2011) , depends upon the Cu atoms dispersion among the three altered binding sites. These Cu atoms play a crucial role in the enzyme catalytic mechanisms. Laccase active site is well conserved it contains three copper sites namely type 1 (T1, one Cu atom), type 2 (T2, one Cu atom) and type 3 (T3, two Cu atoms) per molecule of laccase (Chandra and Chowdhary, 2015) . T1Cu has been showed electro-paramagnetic resonance (EPR) and blue color protein absorbance at about 600nm. T2Cu does not show any color but it can be detectable through electro-paramagnetic resonance (EPR) spectroscopy. And T3Cu are binuclear contains a pair of Cu atom that gives a weak absorbance (330nm) and cannot be detected by EPR spectroscopy (Chandra and Chowdhary, 2015) . T1Cu is the substrate-binding site while T2 and T3 Cu bind the inducer/inhibitor and oxygen binding site. The O 2 molecule binds to both Type 2 and Type 3 Cu active site that consists of a trinuclear cluster for the asymmetric activation. Molecular oxygen acts as an electron acceptor that represents one catalytic cycle of substrate oxidation. The electrons are transferred internally from T1Cu site to a trinuclear cluster made up of Type 2 and Type 3 Cu site, which O 2 is involved in the enzyme catalytic mechanism (Chandra and Chowdhary, 2015) . Hydrogen peroxidase is not detected outside of laccase during steady-state laccase catalysis which represented that a four-electron reduction of oxygen performed splitting of water molecule (Gianfreda et al., 1999) . Laccase enzyme has the ability to operate the array of reducing molecule oxygen-storing electrons from separate substrate oxidation to reduce the reaction of molecular oxygen shown in Figure 5 . There unique broad range substrate specificity acidic to alkaline conditions (Dwivedi et al., 2011) .
Laccase oxidation of phenolic and nonphenolic compounds
Laccase has capability to act on lignocellulosic substances containing phenolic and non-phenolic as well as on extremely residual compounds for detoxification and degradation. They considered as efficient tool for bioremediation. Laccase reduces one electron from hydroxyl groups of phenolic lignin-containing compounds, such as vanillyl glycol, 4,6-di (tbutyl) guaiacol, and syringaldehyde to generate phenoxy radicals by coupling undergo polymerization (Kawai et al., 1999a) . The degradation of phenolic compound such as β-1 lignin model (1-(3,5-dirnethoxy-4-hydroxyphenyl)-2 (3,5-dimethoxy-4-ethoxyphenyl)propane-1,3-diol) occurs through the generation of phenoxy radicals (1-(3,5-dirnethoxy-4-hydroxyphenyl)-2 (3,5-dimethoxy-4-ethoxyphenyl)-3hydroxypropanone, 2, 6-dimethoxy-p-benzoquinone, 2,6-dimethoxy-p-hydroquinone, 2-(3, 5-dimethoxy-4-ethoxyphenyl)-3-hydroxy-propanal) that leads to aromatic ring cleavage, alkyl-aryl cleavage, Cα oxidation, Cα-Cβ cleavage (Kawai et al., 1999a (Kawai et al., , 1999b Zoppellaro et al., 2000; Wong, 2009 ). Laccase play a vital role in depolymerization of several compounds such as lignin and its derivatives for delignification of oxidizes β-O-4 lignin dimers are non-phenolic model compounds in the presence of a mediator (Bourbonnais and Paice, 1990) . Four types of reactions, Cα-oxidation, Cα-Cβ, cleavage, β-ether cleavage, and aromatic ring cleavage, are catalyzed by laccase-(Butylated hydroxytoluene) BHT coupled system (Wong, 2009 ). The degradation of β-O-4 lignin model compounds, 1-(4-ethoxy-3-mthoxyphenyl)-1, 3-dihydroxy-2-(2, 6-dimethoxyphenoxy) propane, the enzyme system association and catalyzes 1e À oxidation of the substrate to formed β-aryl radical that is cation or benzylic (Cα) in nature (Kawai et al., 2002 (Kawai et al., , 2004 . However, if these reactions occurring through cleavage of the aromatic ring, they must be formed aryl cation radicals from degraded products (Umezawa, 1988) . Recently, β-ether cleavage of a non-phenolic β-O-4 dilignol through fungus species (Trametes villosa laccase)-1-HBT associated with mediator interface for the delignification activities of pulp and kraft paper waste has been evaluated (Bourbonnais et al., 1998; Pfaller et al., 1998; Srebotnik et al., 1998) .
β-O-4 dilignol þ Laccase þ HBT → Aryl cation radicals
Properties of lignin peroxidase
Lignin peroxidases (EC 1.11.1.14) belong to family oxidoreductase, which degrades lignin and its derivatives in the presence of H 2 O 2 (Edwards et al., 1993) . These are heme-containing enzymes secreted mainly by higher fungi and some bacteria, which degrade the polymer via an oxidative process (Pothiraj et al., 2006) . In Addition, some insects have used this enzyme to digest higher woody debris such as Reticulitermes flavipes and eastern subterranean termite. Chemical structure of lignin peroxidases (LiPs) are monomeric glycosylated containing enzyme that has molecular weight (40-68 kDa) with four carbohydrates, 370 water molecules, 343 amino acids residues, two calcium ions, and heme group (Choinowski et al., 1999) . On the other hand, LiP is helicoidal in nature contains major and minor eight helixes, two anti-parallel beta-sheets and two domains at both sides of the heminic group. The heme; includes 40 residues, that connects to protein by hydrogen bridges. This group supplements the protein but has two small channels for solvent accessibility (Choinowski et al., 1999) . Furthermore, the heme iron associated with His amino acid and high redox potential of the enzyme. Distance between each heme group and His amino acid increases enzymatic redox potential and there creates an electronic deficiency in the porphyrin ring of the iron (Choinowski et al., 1999; Hammel and Cullen, 2008) . In addition, molecular structure of lignin peroxidase producing fungi (Phlebia radiata) have molecular weight 38439.0 and contains 361 amino acids, theoretical isoelectric point is 4.29, formula C 1692 H 2604 N 456 O 535 S 17 , negatively charged remains (Asp þ Glu) 48, positively charged remains (Arg þ Lys) 19, index of computed instability (II) 44.32, index of aliphatic 76.32 and grand average of hydropathy -0.047 (Swapnil et al., 2016) .
Catalytic mechanisms of lignin peroxidase
LiP enzymes are produced by several ligninocellulytic microorganisms that utilized in the efficient degradation of lignocellulosic waste. A. Kumar, R. Chandra Heliyon 6 (2020) e03170
The overall LiP catalyzed mechanism is a two-step reaction involving the native enzyme of the ferric resting state, (1) the radical cation oxoferryl unstable intermediate compound I and (2) the impartial oxoferryl intermediate compound II (Castro et al., 2016) . These enzymes also can oxidize substrates through electron transfer in the multi-step process (Wong, 2009) . LiP is capable of oxidizing various aromatic organic compounds with high redox potentials than 1.4V by one electron abstraction, but this redox mechanism is not fully understood till yet (Piontek et al., 2001) . LiPs are also degrading various phenolic compounds as well as lignin in the presence of co-substrate of the H 2 O 2 and mediators like veratryl alcohol (VA). The reducing veratryl alcohol is formed [Fe(IV) ¼ O, LiP-II] compound II and a VA radical cation (VA .þ ) and enzyme then return native state through 1e-reduction followed by finalizing the catalytic cycle (Pollegioni et al., 2015) . The reaction of LiP-I with a reducing substrate to form LiP-II is pH-dependent and the rate decreased with increasing pH. Certainly, the pH dependence of reducing LiP-I to LiP-II rather than forming LiP-I determines the unusual low pH and optimized for the enzyme. The porphyrin π-cation radical first accepts an electron from the substrate in the first step of decrease and concomitant with a proton transfer to the distal His, LiP-II thus formed together with porphyrin field by the donor substrate is one-electron oxidation equal above the native LiP (Wong, 2009 ). In some cases, LiP-I can also return to the native state of the enzyme through a direct two-electron reduction (Castro et al., 2016) shown in Figure 6 .
Lignin peroxidase for the oxidation of phenolic and nonphenolic compounds
Lignin peroxidase enzyme has been used for oxidation of various organic compounds with the assistance of co-substrate (H 2 O 2 ) as a mediator. These enzymes play a key role in the degradation of lignincontaining compounds β-O-4-linked and several non-phenolic lignin derivatives to homologous ketones or aldehydes. They are also involved in hydroxylation of benzylic methylene groups of aromatic ring cleavages (Archibald, 1992; Ikehata et al., 2004) . It catalyzes oxidation of phenolic compounds such as vanillyl alcohol, catechol, acetosyringone, syringic acid, and guaiacol, etc. preferentially at a much faster rate compared to non-phenolic compounds. LiP is a key initiator for enzymes that are responsible for the breakdown of lignocellulosic-containing substance. This enzyme has the capability to oxidize phenolic compounds (1,2-bis (3,4-dimethoxyphenyl) propane-1,3-diol) results in Cα-Cβ cleavage to yield phenoxy radicals (1-(3,4-dimethoxyphenyl) ethane-1,2-diol, 3, 4-dimethoxy benzaldehyde) (Wong, 2009 ). Oxidation of lignin monomer such as veratryl alcohol to veratraldehyde is the best-suited reaction for the standard assay of lignin peroxidases Ten Have et al., 1999.
Lignin peroxidase has been also oxidized various non-phenolic compounds such as diarylpropane and β-O-4 lignin dimers to formed radical cation by 1e À oxidation through cleavage of side-chain for demethylation, methylation hydroxylation, intermolecular and dimerization (Christian et al., 2005; Baciocchi et al., 2001) . The degradation of the non-phenolic compound such as 1-(3,4-diethoxyphenyl-1,3dihydroxy, 4-methoxy-phenyl)-propane (diarylpropane lignin model compound) in the presence of lignin peroxidase and H 2 O 2 during 1e-reduction to generated the cation radicals diethoxybenzaldehyde, 1-(4-methoxyphenyl) 1,2-dihydroxyethane and anisaldehyde (Lundell et al., 1993) . The main route of oxidation is the ring cleavage Cα-Cβ (Lundell et al., 1993) . In the mechanism of enzyme-catalysis, there is formation of radical cation whereas; other few reactions are non-enzymatic of the substrate. The decay of the cation radical depends on the groups that are present with aromatic rings (Harvey et al., 1985; Wariishi et al., 1991) . Some alkoxy groups are donating electron to the aromatic ring formed and stabilized the cation aryl radical (Wong, 2009; Walling et al., 1984) .
Manganese peroxidase: structure and properties
Manganese peroxidase (MnP) is a heme-containing enzyme that belongs to the oxidoreductases family (Kuwahara et al., 1984) . Ligninolytic microorganisms secrete MnP enzyme in solid and liquid state into their microenvironments (Hatakka, 1994 . The production of MnP isozymes averages molecular mass of 40-50kDa has reported in several bacteria, basidiomycetous fungi, and algae that utilize various genes after coding and regulating (Wong, 2009 ). MnP has been commonly observed as crucial enzymes for lignin degradation. The molecular structure contains MnP enzyme has two Ca 2þ ions and five disulfide-bridging elements, that are responsible for maintaining the active site structure of the enzyme (Sutherland et al., 1997; Carmona-Ribeiro et al., 2015) as shown in Figure 7 . The MnP enzyme active site comprises various amino acids such as proximal histidine ligand (His), H-bonded to an aspartic acid residue (Asp) and a distal side peroxidase-binding pocket containing catalytic His and arginine (Arg) residues. MnP enzyme is the crystal structure of the substrate-binding site and their mutants reveal that there is only one Mn 2þ binding site, and consists of two water molecules, three A. Kumar, R. Chandra Heliyon 6 (2020) e03170 acidic ligands and a heme propionate (Sundaramoorthy et al., 1997; Hofrichter, 2002) . Ligninolytic microorganisms such as basidiomycetes, white-rot fungi, and bacteria oxidized Mn 2þ to Mn 3þ in a multistep process. The Mn 2þ accelerates and triggers the functions and production of the substrate by MnP enzymes. Subsequently, the Mn 3þ has been generated through MnP enzyme, acts as a mediator in the process of oxidation for several phenolic and non-phenolic compounds. The Mn 3þ chelates oxalate is very small in size to diffuse into the active site of the enzyme. Certain case analogous structures of lignin, such as recalcitrant compounds buried deep within the soil, which is not inevitable for the enzymes (Ten Have and Teunissen, 2001) . MnP enzymes possess specific, that act like an oxidase and peroxidase . Moreover, MnP not only catalyzes lignin and its derivative compounds but also catalyze the various non-phenolic compounds such as polycyclic aromatic hydrocarbons (PAH) through oxidation in the presence of H 2 O 2 as an oxidant into the Mn 2þ to Mn 3þ (Steffen et al., 2003; Shin et al., 2005) .
Catalytic mechanisms of MnP
The MnP catalytic cycle is started by H 2 O 2 through binding to the resting ferric enzyme form an iron-peroxide complex (Hofrichter, 2002) . Cleavage of peroxide enzyme O-O bond needs a two-electron transfer from the heme-porphyrin that leads to the formation of unstable intermediate MnP Compound I, (Fe 4þ oxo-porphyrin radical cation). Consequently, dioxygen bond is cleaved heterolytically and one water molecule is spelled out (Hofrichter, 2002) . A mono chelated Mn 2þ ion is oxidized to Mn 3þ and acts as one electron donor for this porphyrin to form unstable intermediate Compound II. Reduction of this intermediate Compound II proceeds in a similar way that another Mn 3þ is formed from Mn 2þ of leading to return of its resting state enzyme and second water molecule has been spelled out (Hofrichter, 2002) shown in Figure 8. 3.3.1.1. MnP compound I. In addition, the equivalent of hydrogen peroxidase in native MnP enzyme develops the electronic absorption spectrum. A Soret band at 407 nm (maximum) with decreased intensity correlates with resting-state of the enzyme at 558-650 nm (extra maxima), it seems to formed compound I. The spectral features of compound I are maximum similar to HRP (horseradish peroxidases) compound I of enzyme (Wariishi et al., 1988 (Dunford and Stillman, 1976) . The absorption maxima for HRP compound III is 413, 546, 583 nm. The absorption spectrum of the ferrous-oxy species of HRP bent through the addition of oxygen to ferrous HRP (Yamazaki and Yokota, 1965) is very similar to that of HRP compound III. The HRP compound III Figure 8 . Catalytic cycle of MnP (Hofrichter, 2002) .
A. Kumar, R. Chandra Heliyon 6 (2020) e03170 encloses for oxidizing equivalents over the enzyme in the ferrous state (Dunford and Stillman, 1976 (Wariishi et al., 1988) .
Manganese peroxidase enzyme oxidized lignocellulose-containing phenolic and nonphenolic compounds
MnP enzymes generated Mn (III) through oxidation of phenolic compounds such as phenol containing dyes, amines, and lignin derivatives. The Mn (III) is a chelator, their limited physiological conditions lead to the oxidation of phenolic lignin structures (Hammel et al., 1993) .
For phenolic compounds were 1e À oxidation from the compound (1-(3, 5-dimethoxy-4-hydroxypheneyl)-2-(4-(hydroxymethyl)-2-methoxyphenoxy)1,3dihydroxypropane) into substrate Mn (III) chelator complex. It acts as a diffusible oxidant and generate intermediate phenoxy radicals, proceeds further to non-enzymatic degradation, bond cleavage and rearrangement to yield various products (1-(3,5-dimethoxy-4-hydroxypheneyl)-2-(4-(hydroxymethyl)-2-ethoxyphenoxyl)-1-oxo3-hydroxy-propane, 2,6-dimethoxy 1,4-benzoquinone, 2,6-dimethoxy 1, 4-dihydroxybenzene) (Tuor et al., 1992) .
Oxidation of several non-phenolic lignin derivative compounds via Mn (III) catalyzed the reaction in the presence of the second mediator. It utilized electron through the aromatic ring and form reactive radicals/ A. Kumar, R. Chandra Heliyon 6 (2020) e03170 phenoxy radical cation (Reddy et al., 2003) . Mn (III) is present in thiols, such as glutathione, mediates the oxidation of replaced diarylpropane and benzyl alcohol structures into their respective ketones and aldehydes (Reddy et al., 2003; Wariishi et al., 1989cWariishi et al., 1989b . In these reactions, Mn (III) is oxidized thiols to generate thiyl radicals, therefor, benzylic radical substrate is formed. The enzyme contains Mn (III) also couples with peroxidation of lipids to catalyze β-aryl ether cleavage, Cα-Cβ cleavage non-phenolic diarylpropane, and, β-O-4 lignin, and its derivatives respectively (Reddy et al., 2003; Bao et al., 1994; Kapich et al., 2005) .
Versatile peroxidase or hybrid peroxidase
Versatile peroxidase (VP) also known as hybrid peroxidase (manganese-lignin peroxidase) that contains glycoproteins and belongs to oxidoreductase family. The production of peroxidase shown by various fungal species such as Bjerkandera, Lipista, Pleurotus, and some bacterial sp. (Mester and Field, 1998; Zorn et al., 2003; Ruiz-Duenas et al., 1999; Sarkar et al., 1997; Camarero et al., 1996) . The genetic studies of fungal genome have been revealed that they contain two families of enzymes such as LiP and MnP genes both in a ''hybrid peroxidase'' (Yadav et al., 2014) . VP are attractive wild-type enzyme has dual oxidative capability with low to high redox potential, phenols dyes substituted and Mn 2þ (Heinfling et al., 1998) . These groups of enzymes are capable for oxidation of phenolic, non-phenolic and lignin derivatives in the absence of manganese. They did not require any mediator for oxidation of compounds.
Molecular characterization of these versatile peroxidase enzymes seen as LiP and MnP isozymes that contain four amino acids (methionines) at positions 152, 247, 262 and 265 (Jimenez et al., 2015) . They are suppressed within the molecular structures of enzyme, close to compose the heme cofactor and the catalytic Trp164 (Jimenez et al., 2015) . Methionine amino acid substitution is an strategy intended to build the alteration of distal histidine amino acids (His47) in environment by mutations at Thr45 and Ile103. From this, the area occupied by two amino acids are placed straight to His47 (Ile103in helix D Thr45 and in helix B). It involves together with Arg43 in the two-electron initiation of the native enzymes through hydrogen peroxidase to form compound I (Jimenez et al., 2015) . As the oxidation is probably associated with VP enzyme are inactivated substituted with less oxidizable amino acids by single-site-mutagenesis in directed (M247F, M152V, M265L, and M262F), dual (M265L/M262F) and several (/M265L/M152F/M262F and M262F/M265L/M152F/M247F) through variants (Jimenez et al., 2015) . The P. eryngii produced VP that contains the molecular structure of 12 helices and 4 disulfide bonds, a heme pocket having features proximal His169, distal His47, and two structural Mn II as well as Ca þ binding site (Wong, 2009 ). This Mn (II) structure binding site having acidic in nature and different amino acids as shown by Glu36, Glu40, and Asp175 that adjoining the heme inner propionate. 
Catalytic mechanisms of versatile peroxidase
The catalytic cycle for LiP, MnP, and another heme peroxidase are similar to VP. In which enzyme catalyzes the two-electron transfer through formation of unstable intermediate compound I and compound II (Morales et al., 2012; Wong, 2009 ). This involves two oxidation process, one is ferryl-oxo iron (Fe 4þ ¼ O) and another delocalized as a porphyrin/tryptophanyl radical. Compound I catalyze the substrate direct oxidation in which one-electron interacts with heme through tryptophanyl radical and formed Compound II (Jimenez et al., 2015) . This intermediate stage, recollect the Fe 4þ ¼ O state and transfers the residual oxidation that is equivalent to the tryptophan in compound I. Intermediate compound II can also directly generate one-electron oxidation of substrates and shows interaction with the heme or tryptophanyl radical and returned to the enzymes original state (Jimenez et al., 2015) . Compound I and Compound II both are unstable intermediates, very reactive compounds that lack a usual reducing substrate. Laterally in the excess of H 2 O 2 concentration, formed compound III. Compound III is a superoxide anion (O 2 .-) having Fe 3þ species (Wariishi and Gold, 1990) .
After the formation of compound III, it follows unlike pathways for the decomposition under superfluous of H 2 O 2, producing reactive oxygen species have capability to oxidize side chains of porphyrin amino acid prior to inactivation of enzyme (Valderrama et al., 2002) shown in Figure 9 .
Role of ligninolytic enzymes in lignin degradation
Several microorganisms are producing ligninolytic enzymes that degrade lignocellulosic waste. These are major enzymes such as laccase and heme-containing peroxidases, for example, lignin, manganese, and multifunctional versatile peroxidase. In the last decade, there are several new approaches for delignification through enzyme activities have been reported ( Figure 10 ). These enzymes have potential applications in biotechnology for biodegradation of lignin and other organic compounds.
Recently, various residual lignocellulosic compounds are identified which are degraded by several bacteria and fungi through ligninolytic enzyme. The extracellular ligninolytic enzymes attack firstly on various types of bonds such as β-O-4 ether bond, biphenyl bond, O-demethylation enzyme systems, and aromatic organic pollutants performs one-electron oxidation to generate free cation radicals (Hammel, 1992) . These cation radicals might suffer chemical reactions spontaneously such as hydroxylation or C-C bond cleavage resulting in hydrophilic products (Hammel and Moen, 1991) . In lignin structure, several linkages are present such as β-O-4 aryl-ether linkage and biphenyl linkage is a fundamental part of lignin (Bugg et al., 2011) . According to Masai et al. (1999) , the bacterial species such as S. paucimobilis SYK-6 has potential to grow under the stress condition of lignin derivatives such as vanillate and syringate as the carbon source Sato et al., 2009 . In this regard, vanillate and syringate have been altered into protocatechuate and 3-O-methylgallate through the O-demethylases LigM and DesA respectively (Kasai et al., 2005) . 
Immobilization on electrodes
High electronic transfer Gutierrez et al. (2012) PEGylation Improved thermal stability Lopez et al. (2010) Immobilization and orientation on MWCNT electrodes Efficient electron transfer Lalaoui et al. (2016) Chemical modification of laccase amino acid residues with TDO and L-PME Improved laccase activity and stability Chen et al. (2016) Substrate binding-pocket engineering Improved catalytic efficiency Gupta and Farinas (2009) Heterologous expression High redox potential laccase and thermal stability Pinar et al. (2017) Genetic engineering and purification Enzymes orientated immobilization Balland et al. (2008) Codon optimization, heterologous expression, and computational analysis
Enhanced laccase production and substrate affinity Rivera-Hoyos et al.
Heterologous expression, recombinant expression, and affinity chromatography Improvement in production, time, and cost Lambertz et al. (2016) Immobilization and orientation on MWCNT electrodes Efficient electron transfer Lalaoui et al. (2016) Solid-state and submerged fermentation Production cost and optimization Vantamuri and Kaliwal (2015) Paper and pulp industry, Textile manufacturing, detergent production, bioremediation, and so forth.
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Various fungal species are also metabolized those products that are taken up as a source of carbon to carbon dioxide (Hammel and Moen, 1991) . The degradation mechanisms of ligninolytic enzymes are complex and connecting some cofactors low molecular weight compounds that can assist the redox mediators (Tunde and Ming, 2000) . These are the multifaceted route i.e. hydroxylation, oxidation, reduction, and methylation for the degradation. On the contrary, the mechanisms of the ligninolytic enzymes for the degradation of lignin-containing compounds are not fully studied.
Improvement strategies for ligninolytic enzyme production
For the successful and attractive ligninolytic enzymes of high yields and excellent performance have significant importance towards industrial sector. There are several traditionally as well as modern technologies have been used for enhancing the degradation capacity of ligninolytic enzymes. The traditional technologies using ligninolytic enzymes have application in biotechnology. These are principally based on the screening of producing organisms and their optimization, purification of the enzyme and their biochemical characterization. However, modern technologies have been used for improved ligninolytic enzymes shown in Table 3 : (1) firstly ligninolytic organisms used in genetic engineering, somewhere a heterologously produced molecule can be altered at the level of DNA. Secondary step for the developments in protein engineering to improve strategies for the specificity, stability, and economy for chemically modifying the wild type enzyme immobilization PEGylation, glycosylation and hydrophobization.
Industrial applications of ligninolytic enzymes
Extracellular ligninolytic enzymes have enormous potential for industrial applications in various areas including food processing, cosmetic, degradation and detoxification of pulp paper, textile, distillery effluent, and biosynthesis of various fine chemicals, biofuel production (Malherbe and Cloete, 2002; Maciel et al., 2010) shown in Table 4 . Laccase-mediator system has been reported for depolymerization of lignin; delignify wood pulps, bleaching of kraft pulps as potential applications in pulp and paper industry (Widsten and Kandelbauer, 2008) . Moreover, LiP and MnP participate in degradation of kraft and pulp paper mill effluents (Maijala et al., 2007) . In food industry, laccase can be used to certain process that enhances the color appearance of food and beverages and eliminate the undesirable phenolic compounds. Besides, MnPs and LiPs have potential role in producing aromatic flavors (Barbosa et al., 2008) . In the textile industry laccase, LiP and MnP are used for dye degradation and bleaching of waste generated from industries (Gomes et al., 2009; Kunamneni et al., 2008a; Shin, 2004) . The major role of laccase, LiP, and MnP is in biodegradation of various polycyclic aromatic hydrocarbons (PAHs) and xenobiotics compounds (Anastasi et al., 2009; Wen et al., 2009; Robles-Hernandez et al., 2008) . Its role has also been seen in manufacturing of medical, and pharmaceuticals utensils as well as polymers production, coupling of phenols and steroids, complex natural products synthesis, personal hygienic products, biosensors and bioreporters areas (Maciel et al., 2010; Ghindilis, 2000 , Kuznetsov et al., 2001 Kunamneni et al., 2008a, b; Mikolasch and Schauer, 2009; Barbosa et al., 2008; Lee et al., 2006; Ponzoni et al., 2007) . The most important has been reported in the conversion of lignocellulose waste material into value-added products such as animal feeds, composite, pulp and paper, biofuels, fine chemicals and several enzymes (Malherbe and Cloete, 2002) .
Limitation of ligninolytic enzymes
The industrial application of ligninolytic enzymes for the biobleaching process in pulp paper industry faces the number of difficulties i.e. enzyme production of large scale, mediator cost, enzyme stability, transport limitations, accessibility, potential redox of the enzyme and substrate which restrict its commercialization. There is urgent to focus on extensive research, these specific parameters for their production and process optimization of technology. Moreover, the literature and knowledge available for the chemical properties of the ligninolytic enzyme and mechanism of action are fragmentary which also limits the interaction for its application. Literature showed several major studies on lignin degradation by fungi with ligninolytic enzyme but due to growth limitations their large scale utilization is not successful, and different methods suffer disadvantages due to the environmental conditions to which they are exposed. However, most of the fungi that have been reported so far in acidophilic conditions and require a semisolid fermentation process (Basu et al., 2015) . Therefore, inefficient to grow on effluents containing medium of pulp and paper industries that remain alkaline.
The role of laccase has been found limited in biodegradation of lignin due to its low redox potential because laccase cannot have proper diffusion into pulp fiber. Often, mediators are used to overcoming these limitations that enhance the oxidation potential of laccase. According to Wong (2009) , the role of mediators in biodegradation of lignin has been well covered. Several fungi (Pycnosporus cinnabarinus) does not produce either LiP or MnP and does produce the only laccase required for lignin breakdown by producing a metabolite that acts as a mediator for redox potential for the degradation of non-phenolic lignin-containing compounds by laccase (Eggert et al., 1996) . Recent studies using the peroxidase family of enzymes, such as horseradish peroxidases (HRP) and myeloperoxidases (MPO), to degrade graphene oxide (Kotchey et al., 2011) and single and multi-walled carbon nanotubes (SWCNTs and MWCNTs, respectively) in vitro and in vivo (Russier et al., 2011; Allen et al., 2008; Zhao et al., 2011) have highlighted the importance of an eco-friendly enzymatic degradation strategy for carbon nanomaterials. However, there are several limitations to these methods, such as low degradation efficiency (Russier et al., 2011) and dependence on substrate chemistry, for instance, that decreased graphene oxide nanoribbons have not been degraded by horseradish peroxidase (Kotchey et al., 2011) , hindering their practical use. Moreover, the reported single ligninolytic enzyme does not act on biodegradation, while some other enzymes i.e. feruloyl esterase, aryl-alcohol oxidase, quinone reductases and several mediators to help facilitate the process for degradation of lignocellulosic waste. Due to strong binding tendency of lignocellulosic waste also inhibited the enzyme activity, because of these limitations, improvements in the development of eco-friendly green approaches for the degradation of oxidized and reduced lignocellulosic materials remains an active area of research.
Future prospects
Lignocellulosic biomass is the single renewable resource on the earth which has broad prospective as biofuel material. Bioconversion of lignocellulosic materials has significant advantages over the other various value-added products i.e. bio-energy products such as bioethanol, 1-butanol, bio-methane, bio-hydrogen, organic acids including citric acid, succinic acid, and lactic acid, microbial polysaccharides, single-cell protein, and xylitol. They have potential to become future alternative energy sources because these biomaterials are the most abundant on the planet. Since the excess of lignocellulosic waste causes environmental problems, and concerns aimed at reducing the ambient pollution have boosted the search for "clean Technologies" to be used in the commodities of producing value-added bioproducts. Novel biotechnologies are vital for discovery, characterization of new ligninolytic enzymes for bioconversion process to degrade complex lignocellulosic waste in green biotechnology will be the main focus on future research.
Conclusions
Lignocellulosic waste being a major pollutant of the environment, containing the complex composition of cellulose, hemicellulose, and lignin along with plant resins and fatty acids. Due to its complex structure; lignin, resin and plant fatty acid they are not easily degradable by microbial communities. Therefore, these constituents of lignocellulosic waste have been detected has residual organic pollutants discharged from agro-waste industries. Hence, these pollutants require special attention for their complete degradation. Moreover, the lignocellulosic waste has strong binding tendency with cationic compounds i.e. heavy metals and salts, which aggravate their toxicity properties with the formation of complex structure. The natural capabilities of microorganisms to degrade lignocellulosic waste efficiently due to highly effective enzymatic systems are attractive as new strategies for the development of industrial processes. Therefore, the group of ligninolytic enzymes i.e. laccase, lignin peroxidase, manganese peroxidase, and versatile peroxidase involve in for their sequential degradation and transformation. Due to their structural (i.e. copper, iron, manganese and calcium ions) specificity (hydrophobic interaction, salt bridge, disulfide bridge, and hydrogen bond) it retains extremophilic property and stability. But the detailed mechanism is still unknown? In addition, Ligninolytic enzymes are potential applications for the degradation of various environmental pollutants including polycyclic aromatic hydrocarbons, synthetic dyes, pesticides, herbicides, polychlorinated biphenyls, xenobiotics, and several other lignocellulosic compounds. Ligninolytic enzymes are able to penetrate inside the structural unit of lignocellulosic waste for the degradation. This process makes use of another material that requires less energy, reduces the pollutants in environmental, as cost-effective and ecofriendly. Currently, several types of research across the planet worked on the biodegradation of industrial lignocellulosic waste using various microorganisms. The present study evaluated important information about the key role of ligninolytic enzymes for the biodegradation of lignocellulosic waste and their application in the field of biotechnology.
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